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THE ELIMINATION OF SULFUR FROM COAL BY MICROBIAL ACTION
M. H. Rogoff, M. P. Silverman, and I. Wender

Bureau of Mines
U. S. Department of the Interior
Pittsburgh, Pa.

INTROUCTIN

The sulfur present in coals in the form of iron pyrites is of interest for
at least three reasons: (1) as a contaminant in coels used for the mreparation of
metallwrglcal coke, (2) 25 2 conteminant in coal used for power purposes, and (3) as
the ultimate source of the sulfur appearing as sulfuric acid in the effluents of mines
oroducing acid waters. Certain bacteria are known which, when grown in the presence
of pyrites, copper swlfides, or molybdemm sulfides, catalvze the formation of sulfuric
acid with concurrent release of the metallic cation in a soluble form (1-3). Micro-
biological studies have thus far shown that one of these organisms, Ferrobzeillus
ferrooxidans, catalyzes the reaction:

'z.Feso4 + 2H,50, + 0,—> 2Te, (501,)3 + 2H,0 @).

Bxperimentally, it has been demonstrated that iron- and/or sWlfur-oxidizing
organisns cztalyze the production of acid and soluble iron from ecal sulfwr ball
mnterial (1) or from the sulfuritic constituents of finely ground conl (2). It is
therefore believed that a2 thorough microbiological study of the oxidation of pyrites
would not only elarify the role microorganisms play in the process but conceivably,
through strain selection, determination of nutritionel requirements, and control of
the shysical environment, a2 method for the removal of pyritic sulfur from coal by =
microbial procsss might be devised. Such a study would also clarify the role of
microorganisms in.the formation of acid mine waters. A related mroblem,the treatment
of zcid mnters by a microbial process utilizing the uninue abilities of the bacterium
Desulfovibrio desulfuricans to reduce sulfates to elemental sulfur and/or sulfide,
might possibly be carried out by =xtension of the aforementioned line of attack.

There is very little kmown concerning the activities and abilities of
microbes which may attack orgenic sulfur-containing compounds other than the naturally-
occwrring amino acids and vitamins, A study of the oxidation of aromatic sulfur
conpounds by microorganisms has been initiated in the hope of finding a way of
elimimting organic sulfur from coa.l

EXPERIMENTAL
A, lMaterials and Methods

1. Stock Cultures. Stock cultures of the following autotrophic strains of
bacteria have bcen obtained from the Syracuse University Culture Collection. (a)
Ferrobecillus ferroozxidans - Culture capable of oxddizing ferrous #ron to ferric
state., ‘aintained on nmedium 9K (see below) containing FeS0; as energy sowrce. (o)
Thiobacillus_thiooxidans - Culture capable of oxidizing elemental sulfwur to sulfate.
Maintained on medium 9KS® and ThS, Stralns of the heterotrophic Pseudomonas
asruzinosa were those reported previously (4).




- 26 -

2, Media Used, The followlng media are used for the routine culture )
£ the above bacterla and/or were used in the screening studies with the acid mine
ua.ter samples
(2) Medium 9K (5) for iron becteria: Solution A - Basal Salts - (HH ) so,,

, 4
3.00 g.; KC1, 0.10 g.; K HPO,, W50 g.; MgSO,+7H,0, .50 g.; Ca(NOy)y, .01 g.,
lONstou 10 nml.; distilled water, 700 ml. Solution B - Energy Source - FeS0,*7H;0:

300 ml. of a 14.74% (W/v) solution 1s added to 700 ml, of the basal salts solution
to moke one liter of medium. The pH is 3.0 to 3.6 without further adJustznent.

(o) Medium 98S O - For sulfur oxidizers. A4s in (a) with 1-2% elemental sulfwr
(sterilized separately by autoclaving at 100° C. for 3 hours) replacing the iron sdt
as source of energy; pH adjusted to 3.5.

(¢) Medium 9KS - For sulfur oxidizers. As in (a) with 1.0% lasS as Ya, Se *9H, )

as source of energy.
(@) Medium 9KP - For iron or sulfur oxidizers. As in (a) with 5% pyrite
(Sample No, PS-34-6008 obteined in a pulverized form from Bituminous Coal Resezrch,
g as source of emergy. This mediim was prepared at two pH levels: 3,5 and 7. O
(e) Medium ThS - For sulfur oxidizers ().
(f) #ediwm SS-1 - For sulfate reducers- (6),

3. Bacteriological liethods
Standard plate count methods for numbers of heterotronhs were used with

nutrient agar (Difco) or Czapek's medium in Petri plates, Tubes of media for
determination of autwtrophs were examined visually or subjected to microscopic
exaniration., Ligquid media for isolation of sulfate-reducing bacteria were prepared
in Virtis anserobic tubes, Agar media were wrepared as deep tubés or drawn into foot
lengths of 4 mm, D pyrex tubing. The ends of the latter were sealed with paraffin
wax, Growth in these tubes is recognized visually by the production of a hlack
precipitate of iron sulfide,

4. Cultures for lanometric Hxperiments
Preparations of resting cells of iron and sulfur oxidizers were made

according to the methods of Silverman and Lundgren (5,7); heterotrophs were grown
as vreviously noted (4), The Varburg apparatus was used in the conventional manner
to measure oxygen uptelte {2). Description of the flask ccontents for any particular
experiment is found in the figzwre 1ecrsnd

5. Determinations of iron were made by the colorimeiric c-phenanthroline
method, as described in ASTH methods., A standard curve for concentrations bewwzexn
20 to 240 Y of iron was mrepsred, readinz optical density at 5CO m A in a Beckman
Spectronic 20 specirorhotomster-colorineter,

6. The souwrce, description, and analyses of the wyritic nateriels is shom
in Teble I, The material was used as originally received (passing 65 mesh) or ground
in an azate mortar to pess a 325-mesh screen, The crystalline form of the sulfuritic
material in these samples wes verified as pyrite by Z-rey diffracticn. In addition,
samples of museum-grade pyrite and marcasite ground to -325 mech irere uzed.
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Table I. Analyses of pyritic material
Sample : . ' Percent
No, Description and source pyrite
29 Waste material—pyrite concentrate from coal fron Tabo bed, 77.0
- Power Mine, Montrose, Hemry County, Missouri.
30 Wagte material—pyrite concentrate fram Illinois #6 coal, 60,0
Peabody #10 Minej Christian County, Illinois. '
34 Pyrite concretion (sulfur bell) from Plttsburgh bed, Osage 54.4%
#3 Mine, Monongalia County, West Virginia,
35 Pyrite concretion (sulfwr ball) from Meigs Creek #9 coal, [/

Bredford #1 Mine, Harrison County, COhio,

a Contained 18.87 Ga003 in the form of cateite.

B, Proceduresand Results

and the acld swanp these waters form (Marchand Fool).

Samples of acid mine muds were obtained from shafts of the Hutchinson Mine
near Irwin, Pa,, and waters and bottom muds from the point of exit of the mine waters,

ollected are listed in Teble II,

The pool empties into Sewickley

Creek, from which samples were obtalned upstream from the pool en‘tz'y The samples

Table II. Samples of acid mine waters and related materials
Sanmnle
Yo Source Deseription pH
1 Hutchinson Mine Acid gob (yellow mud) 2.9
2 Hutchinson Mine Akaline gob (orange mad) 6.3
3 Sewickley Creek, Surface water 3.8
4 upstream from Bottom mud 4ol
5 Harchand Pool Green algal streamer too small
6 Bxit point of Surface water (clear) 5.3
7 acid waters Botton water (clear) 5.5
8 from mine Bottom mud (orange) )
9 Junction of mine water : : _
"and Marchand Pool Bottom weter (clear) 5,7
12 terchend Pool Too sewm {oily) 4.6
11 larchand Pool ".Surface water {(orange) 5.7
i lerchord Fool Bottom mud (orange) 5.8
13 ihrehand Poal. Bottom water (zreen-brown) 4e9
1 Marchand Pool " Bottom water {green) 5.0
15 Pool spillwzy to Sewlckley
' Bottom water (green) 5.0

Creek
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After collection, the samples, were examined microscopically. The presence
of viable hacteria was noted 1n samples 1, 2, 4, and 12, Sample 5 contained not only
bacteria but green streamers recognizable as algee; numerous protozoa and planarians
were present. The samples were used to inoculate duplicate tubes of culture media.

The various media were incubated at room temperature with the e:ception of
4 =, OD pyrex tubes of agar medium SS-1, which were incubated at 30°G. Tubes of
nediws 9ES? were incubated on the shaker, The subcultures to ths various media were
observed daily and examined mcroscop:.ca.]_ly ag required,

(bservations made on the various media after one week of incubation at roon
‘temperatwre are sumarized in Table ITI, Microscopic observations were made on the
pyrite and iron media (9KP and 9X), although in some cases, simple visual examination
was sufficient to recognize the deep red-crange precipitzate formed by iron oxidation,

Table ITI. Growth in verious culture medie one week® after
' inoculetion with acid mine water samples

Growth in media containing the enerzy sowrces designated

50,” so;
_ (anaerobic  (capillary
S  Pyrite Pyrite Fe'? tubes) . tubes) S
Sample Y

1 - + + + - - +
2 - + + + +
3 - + +
4 - + - + + + + +
5 + + - - +
6 - - - - +
7 - + + + +
8 + + + + + + +
9 - - - - -
10 - + -
11 - + ) +
12 + + + + + + +
13 - - - - - - -
14 - . ) - - - +
15 - - - - +

a Medium 9KS® examined after 10 days of shaldng,

——

The cultures were carried through serial transfer on the aprropriste media;
deternination of growth was made by a combination of microscopic emmnatz.on and
vlsua.l irzspection.
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The activity. of re.;t;i.n,= cells of Ferrobacillus ferrooxidans on pyrites
was tested by means of the Warburg technique. This technique is excellent for the
determination of: . (1) the ability of selected cultwres to oxidize pyrite, (2)
differences in the. susceptibility of the various pyrites to oxddation, and (3) the
physiology of py‘rite oxidation by bacteria in short-tern experiments. Pyrite
samples (65 mesh) were weighed and placed in the Warburg vessel with sufficient
cell suspension (pH 3.5) and water (pH 3.5) to bring ‘the volume to a Dredetermined
value, Cell siuspensions for the experiments were adjusted to 0.4 mg. bacterial-H/ml.
Oxygen uptake wes measured in the eonventional manner, Results of two such experi-
rmert# with concentration of pyrites and cells as veriables are shown in Figures 1
ard 2. The rate of p'yrite oxidatlon was increased only two-fold by a- twenty-fold
incresse in pyr:.te concentratlon m.'th these 65 mesh sanples,

A series ‘of Warbm'g experi:.lents demonstrated the role of ticle size
of the substrate on’ ‘oxidation rates. ' The results (showa in TablelW) demonstrate
that reduction in partlcle size enhanced bacterial action six-fold in ths case of the
pyrite conecretion and 35~ to 70-fold’ when the pyrite concentrates were used as
substrates, . Oxidation w'ith the bacteria was 20 to 40 tmes that of thé controls for
3 of the 4 pyrites tested : o .

Table IV Qx:Ld.atlon of pynt:.c material of two partlcle sizes in ‘the
. : presence of Ferrooeclllus fer’roond.ans

B - Ib.croliters o;tzgen tal’cn u;g in three hours S
Sanmple . . .—.goroxmatel*c 65 mesh ™ Passing throuzh 325 nmesh

Moy o Ho_ cells .-~ Cells . Ho cells . _Cells
29 o agt e g0 60 - 1322
CE R I L ~16+ SR A T
3 . 23*-' ST - ST S 29"

a Q:q:ren upta.ke/l 2 'mg. bacter:.al-nitrogen/three hom‘s.
+ Apoa.rent evolu‘:.ion of gas.-

In separate sha.ken-flask experiments the release of hydrochlorlc acid-
soluble iron was dctcr:n:.ned instead of oxygen uptake, as a means of demonstrating
orxdidation of the pyrites. ' Resulis of iron determinations in oze such experiment are
shoun in ‘the following table (Tible V), . The 25 ml. conical flask used contained
100 mg. of pyritic material, an aliguot of cell suspension conteining 0,84 mg.
bacterial nitrozén and su.ff:.cient o SOA-aCIdlfled wvater, pH 3.5, to btring the total

- volume to 4.0 ml. After 24 hours, 4.0 ml. of 2,0N EC1l was added and the mixture

heated 30 minutes on a steam bath. The HCl-soluble iron content of suitable filtered
aliquots was deternined as given in the section on Methods,
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TABIE V, Production of hydrochloric acid-eoluble iron from
pyritic materizl in the presence of
Ferrobacillus ferrooxidans

Sample : Microgrems HCl-soluble iron released®.
o, Cells _Initial 24 howrs Het Pyrite oxidized, &
29 + 1024P 00 3376 942
( - 80g 1080 272 - 0.76
30 + 1250 400C . 2750 9.34
- 1034 1376 . 342 1.22
35 + 3040 7200 {160 - 11,99
- 2824 3140 - - 316 0,91
a Froduction of iron from 1C0 mg. pyritic meteriel in the presence of 0.8/ ng.
bacterial-N,

b 216 ug. Fe were carried over with the cell suspension,

: The ablllty of T"]iobacnllus +hioo‘::.da.ns to accelerate the oxdidation of the
pyrite samples was also tested in 'Ja:btu'g e-oerlments. It was found that this

organism was unable to accelerate o*’:LcL tion rates over those of control vessels.

"hn ability of T, thiooxidens and F, ferrookidons {o accelerate oxidaticn of museum
grade samples {large crystals free of inclusions and contaminatirg mate rials) of

pyrite and marcasite was tested, It was fourd that both strains attacked the marcasite,
. Ferrobzaecillus being more effective; 3 neither cultiure accelerated the oxidation of

museum grade pyrite. Resulis of these ev\er_m..nt\_ are ceen in Table VI,

Tzble VI, Effect of Thiobseillus thiooiddens or ne*robacﬂ‘lus ferrooxidans on the
oxidation of museun grade sulfide mirnerals
bacrollters oxygen taken up in 3 hours per mg.

» o bacteriel -nitrogen
Sample Cells T, thiooxdidans ¥, ferrooxidans
Pyrite - ’ 15 ' ' 38 ’
* : 708 192
Marcasite - . - : &2 . _ 209
' ' + 128 134

a Apparent gas ewolution.

Efficacy of use of a mixture of the two strains was also tested. In these
Warburg experiments a resting cell suspension of Ferrobacillus wes placed in the
vessel and oxyzen uptake wes measured for one hour., A4t the end of this time the
sulfur-oxidizing Thiobzeillus was tipped into the reaction mixture., The effect on
oxidation of samples 29, 30, 35, and museum grade marcasite was determned The
effect of addition of Thiobacillus is seen in Figure 3,

The rate of oxddation of ferrous iron and elemental sulfw by the strains
of Ferrobzecillus ferrooxidans and Thiobzacillus thioozidans in use in the experiments
has been calculated. from the date obteined im thepreceding experiments. These are
presented in Table VII.

N

N
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Ta.ble VII. Rates of. o:cldation of ferrous iron and elemental sulfir
Eerrgbacﬂ.lus ferrooxidans e.nd Ihi_obacillus thioox:.dans

oL N)&-
| R qozu e
Qganism oo S (1000 Amoles) - Fe” (500 umoles )
T. thiooxddans' =~ - . ¢ . - 557 S0
F. ferroo:ddans T o S8 T 3672

a QOZ (N) representsmliters ongen uptake/mg. ce]l-nitrogen/hour.

e —
e——

C Other ma.nometric experlment.s uit.h Dolycyclic aroms.tlc hydroca:bon—grown
cells of a ‘strain of ‘Pseudomonas geruzinosa ‘were carried out to study the activity
of bacteria regarding: sulfur-containing organic compounds. It was found that cells
grown with phensnthrene’as - source of carban would itake up more.oXygen than cells
grown on napkthalene wlen oenzthiophene ‘was provided them as a substrate. Benz-
t.hiophene was chosen as.a modél- sulfur containin.g aromatic of the type thought to be
present in coal. "If oxygen ‘uptake - of 'both crops with naphthalene as substrate 1s
calculated toa “vilue.of 1.0, then uptakes on benzthiophene were: naphthalene-
grown, 0 3, phenanthrene-grown, ;Z_L 3.7

Benzthiophene was. provided a concentratlon of 3 B/moles/ml. At
6. 6Amoles/m.1llillter, 1éss oxygen ims “takeén up than-at the lower concentration., At
3. 3/\1."101es/ nl, addition of benzthio hené to the flask contents served to lower
oxygen uptake of cells notabolizing narhthaléne and Z-msthylnaphthalene (Figure 4).
Thus it seems 'that-a- compet:.tive inhibitlon or ‘perhaps sinple toxiélty of the
compound may be evident exceot. 1n the cg.se of cells g'rown on or m..tabolizmb
phenanthrene * (Figure 5). T e T T v _

DISCUSSION OF R.'ZSULTS

.' Results obtained on examination of .the microflora of acid mine drc.lnage
showed that top watérs and rapidly runnir% waters (green) were almost sterile in all
cases, The best sources :of nicroorganisms are the muds, which are apparently rich
in all-forms tested for.  ~Tie bottom ruds (orarge) collected at the pocl accumulate
only where the water is'not turbulent or. flow"ng too rapidly. ‘“here weter flow is
rapid, bottom mud does not accumulo.te, ‘the. orange color of oxidized iron mroducts
is absent, and’ the ‘mimber of: :\icroorgixusms rresent -is qL.ite small, In the laboratory,
sampleés of such moving cléar water after two weeks of incubation give evidence of
iron oxidation’ (ora.nge precinitate, heavy) -The reason for their clarity is
mrobably  that -they are smply flowing too rapidly for oxidation of iron to ocecur.
Thus, clarity of wat..r is:no criterlon of its potent.ial yield of ferrugineou.s mud
under nan-agitated conditlom. g o .

The finding that a.l_l t'ypes of bacteria tested for appear to be present in
the sa:mles i1lustra tes that ‘those chenicals present in an environment are usually
acconpaniéd by bacteria: capable of utilizing them. The inmportance of these
particular types fourd, in regerd to.the problems of qu_fur removal from coal and
treatment of acid mne waters, is as follows'
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{1) The same organisms which play a role in the production of acid mine
waters, and in whose presence ‘oxidation of large sulfuritic concretions » Dyrite,
and marcasite has been demanstrated are precisely those forms whose sbilities mist
be explo:.ted in any attempt to desulfurize coal by mcrobiologlcal means.,

(2) In any plan for disposa]_. of sulfuric acid microbiologlcally, the use \
of zmaerobic sulfate~reducing bdcteria to convert sulfuric acid to elemental sulfur b
ard/or hydrogen sulfids must be considersd. The isolation of such bacteria from
the bottom mud samples collected gives hope that streins of these organisms able to A
tolerate the acld environment necessitated by the use intended can be found or
developed. Acid conditions are known not to be optimum for their growth, but their
presence in samples 4 znd 5 at pHs of Z.1 and 4. 9, respectlvely, inchcate they may e
be more tolerant of acid than urenously e.ssmed. ‘

) "The presence of sulfuw ox:.dlzers, iron oxidigzers, and sulfate reducers >
in a given enviromment (ferrugineous mud) indicates that 2ll three forms may
participate in a cyclical process for sulfur. : Thus, it appears that previous testing
of pyrite oxidation with pure cultures ‘of bacteria mey not provide the bLest means
possible for carrying out the process.. It may well be better to try the natural flora
for most sfficient activity, although mixed ce1 15 of Ferro:,acJ.J_us and  Thi ooac:.]ﬂ us
did not have the des:.re" affect on py'rite (Flgm:'e 3%, . _ A

'The mnometrlc studles (Figures 1 and 2) with 65 mesh se.mple 35 demon—
strated that oxygen uphake ‘is s:.gniflcantly greater than that required solely for the
oxidation of ferrous iron :Ln:Lt:.aJ.'Ly present in uhe ,,yrlte sanple as determned by
our extractlon procedare. ' :

Sigm_flcantly h.lgher oxidation rates were. obu.lned when the sulfuritie
materials were ground to pass 325 mesh (Table V). The ability of. Perrobacillusg
to accelerate .the oxidation of the pyrite in samples 29.and 30 is encowraging as

gards microbial coal desulfurization., Thesé samples are pyrite concentrates from
coa_'L These contain minute crystals of nyr:.te eiﬁbedded in the coal with perhaps
only one face éxposed for oxidation., Yet in the preserce of the bvacteria oxidation
proceeds at a’ rap:.d rate as conpared to the rates in the absence of the organisms,

Based on the results fou‘nd in these studies (Tables Iz~ III Figures 1-5)
certain generalizations regarding microbial processes for coal desu.'].furization nay
bé drawn. These are that: l. The rate of pyrite oxidation depsnds ugon available,
that is, exposed pyrite. As a corollary to this, the cozl must be in 2 finely divided
state in order to expose a moximum of the ewmbedded pyrite. 2. The rate of oxidation
of pyrite depends ipon the "type" of pyrite present. The word type is used for want
of a betier description, since X-ray diffraction patierns are identical for the
pyrite of samples 29, 30, 34, 35, and museum-grade pyTite.

: Only sample #34 and. museum-grade pyrite resisted oxidation in the presence
of F, ferrooxidar Sample #3J contzined considerable calcite, Preliminary experi-
ments after the. ca.'LcJ. te had been removed (neutrallzl”lg effect of CaCOB) geve
indication of oudatJ.Ve ae Livity,
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. The -ubiquitous. p‘res'encefof thiobzcillus thiooxidans in 'acid-mine waters
is as yet unexplained, - Ouxr results show that only marcasite, a subsitance rarely
present in acid-'.zroducing areas, can be attacked by this organisn, raising the

" question of a possihle’ energy sowrce for the organism. The production of free

sulfur dur:.ng the oxddation of pyrite is ons explanation. However, the ability of
the iron-ocxddizing F, ferrooxid'ms to o:d.dize elemental sulfur suggf—'-sts another
explanation, - - ; s

'l‘he three orge.nisms found t.n acid mne waters are listed below together
with their proposed energy . sources, .

: Qrganisms” : __Energy source
'Zhiobac:.llus th.iooxidans . Elemental S

. Thiobacillus ferroccidans: Ferrous iron; thiosulfate
Ferrobacillus ferrooxidans Ferrous iron

: The tnree are mpholcgica].ly indistlngaishable, the chief criteria for
their description being -energy sowrce. During iscolation procedures, it is entirely
possible that F.. ferrooxidans will grow in an iron nedium and be identified as

F, ferrooxidans and also be isolated in an elemental S medium and be identified as
T, thicoxddans, Thus, F, ferrooxidans may really be a variant of T, thicoxidans
ard exists in acid-mine waters by virtue of its iron oxidizing capacity. The
inability of Thlob.cgus thiogndag to0 oxidize iron may be due to th'= loss of
adaptive iron—oxidlzin,; enzyznes upon growth in elemental sulfwr, -

- The ability of ‘bacteria to accelerate the oxidation of sulfuritic material
has been studied primarily by investigators at the Mellon Imstitute (1) and Vest
Virginla University (9). . Their studies involved testing for the production of free
iron, sulfzte, or increased acidity fron insoluble pyrite materials. in the presence
or absence of bacteria in experiments of long duration, The development of methods
and media for the propagation in hish yleld of the relevant bacteria (5, 7) has
enabled us to utilize the monometric method for examining the role of bacteria in
the oxddation of pyrites, thus enabling us to accumulate comparable date in a short
time. A ' conparison of the results obtained with those of the Mellon Institute
and West Virginia University is given in Teble VIII. In general, our findings agree
most closely with those of the lMellon Institute. .

Table VIII. Acceleration of the rate of oxidation of different pyritic materials
by iron- and sulfur-oxidizing bacteria.

Ferrobacillus . Thiobacillus ' Thiobacillus

ferrooxidans . ferrooxidans thiocoxidens
M. I. W, V.U, B,M,  -MJI., W, V.U, BM. MJI., WJV,U, EM
Sulfur ball T+ . NTRE O+ NT. o+ N.T. - + -
Waste material N.T. . N.T. + N.,T. N,T, N.T. HK.T. N.T. -
Museun—grade marcasite + | N.T. + N.T, N.,T, N,T. + + +
- N, T. + N, T. - N.T. -

Musewn-grade pyrite . - N.T.

a R, T, = not'tested.A
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